Objective: Impaired glucose metabolism is common in acromegaly, but it is not clear how glucose metabolism is impaired or what predicts its restoration after cure of the disease. To identify factors involved in the impairment of glucose metabolism in acromegaly, we evaluated clinical parameters before and immediately after surgical cure of the disease. Design and methods: We retrospectively analyzed clinical data of 92 consecutive Japanese patients with acromegaly who underwent successful pituitary surgery. Patients who had received medical therapy for acromegaly or insulin treatment for diabetes were excluded. We evaluated insulin resistance (IR) and pancreatic b-cell function in addition to GH and IGF1 levels before and after surgery. Results: In this study of Japanese patients with acromegaly, average body mass index (BMI) was 23.4, and no patient had a BMIO30. IR was involved in the impairment of glucose metabolism, which was restored upon surgical cure of acromegaly if b-cell function was preserved. Insufficient b-cell function did not improve after normalization of GH/IGF1 and was associated with impaired glucose metabolism before and after surgery. Results of receiver operating characteristic analysis of preoperative clinical parameters suggest that insulinogenic index (IGI) O0.50 best predicts restoration of normal glucose metabolism upon cure of acromegaly in Japanese patients. Conclusions: IR impairs glucose metabolism in acromegaly. Once b-cell function is impaired, abnormal glucose metabolism persists even after cure of acromegaly. IGIO0.50 indicates that b-cell function is preserved in non-obese Japanese patients with acromegaly.
Introduction
Acromegaly is generally caused by a benign GH-secreting pituitary adenoma. GH stimulates target tissues to synthesize and secrete insulin-like growth factor 1 (IGF1) (1) . Elevated serum GH and IGF1 levels are correlated with mortality in acromegaly (2) , and excess GH is believed to cause impaired glucose metabolism, including diabetes mellitus (DM), as well as skeletal complications and cardiovascular and respiratory diseases (3) . Impaired glucose metabolism is associated with excess mortality in acromegaly by promoting atherosclerosis, which results in cardiovascular and cerebrovascular diseases.
The prevalence of DM among patients with acromegaly has been reported to range from 19 to 56% (3) . Risk factors for impaired glucose metabolism include elevated serum GH levels, older age, longer duration of disease, family history of DM, and concomitant hypertension (4-6). Kasayama et al. (7) reported defects in pancreatic b-cell function associated with impaired glucose tolerance (IGT) in patients with acromegaly. In their study, patients with acromegaly generally exhibited insulin resistance (IR) with or without IGT, whereas sufficient insulin secretion was observed in patients with normal glucose tolerance (NGT) to overcome their IR (7) . Studies have investigated impaired glucose metabolism in acromegaly, but it is unclear which clinical parameters (e.g. GH, IGF1) play a role in IR and/or impaired b-cell function in the disease (7) (8) (9) (10) .
In particular, little is known about the effect of successful surgical treatment for acromegaly on glucose metabolism in patients with IGT or DM. Surgery does not restore normal glucose metabolism in all patients, although IR is generally improved (6) . So far, it is unclear which clinical parameters determine the restoration of normal glucose metabolism, and whether this outcome can be predicted before surgery.
We therefore analyzed clinical data including age, hormone levels, and indicators of IR and pancreatic b-cell function in patients with acromegaly before and within a month after surgery to determine their association with glucose metabolism.
Subjects and methods

Subjects
Ninety-two consecutive Japanese patients with acromegaly (46 men and 46 women) were enrolled in the present study. All patients were examined and treated at Toranomon Hospital (Tokyo, Japan) from 2005 to 2008. Data regarding routine medical procedures were collected retrospectively. The present study was approved by the institutional review board of Toranomon Hospital.
The diagnosis of acromegaly was based on clinical findings, failure of serum GH suppression during a 75-g oral glucose tolerance test (OGTT), and elevated levels of IGF1 after adjusting for age and sex. Pituitary adenoma was confirmed by magnetic resonance imaging, and transsphenoidal pituitary adenomectomy was performed by expert neurosurgeons. Within 1 month after surgery, patients underwent the 75-g OGTT. Only patients who met the criteria for cure of acromegaly according to the Cortina consensus statement (11) were enrolled in the present study. Patients were excluded from the study if they had received injections of any somatostatin analog and/or oral dopamine agonist for acromegaly or insulin therapy for DM.
During the study period, 421 patients underwent surgery for the first time, and the number of cured cases immediately after surgery was 268. Among those who met the criteria for cure of the disease, 113 patients were excluded because not all data were available for analysis. Furthermore, 63 patients were excluded because of medication for acromegaly or insulin therapy before surgery. Among them, only three patients were treated with insulin injection. The demographic data of these 63 patients (age, 47.1G14.2 years; body mass index (BMI), 23.2G3.8) and levels of HbA1c (6.0 G0.9), a marker for glucose metabolism, were similar to that of the analyzed cases (Table 1) .
In all patients, glucose tolerance status was evaluated by a 75-g OGTT. Using the WHO criteria, NGT was diagnosed when blood glucose levels were !110 mg/dl before glucose loading and !140 mg/dl 2 h after glucose loading. DM was diagnosed when fasting blood glucose was O126 mg/dl or blood glucose was O200 mg/dl 2 h after glucose loading. The remaining patients received the diagnosis of IGT. Patients were divided into three groups according to the preoperative and postoperative glucose tolerance status: group I, patients with NGT before surgery (NGT before surgery; nZ39); group II, patients with IGT or DM before surgery, but in whom NGT was restored after surgery (restored NGT after surgery; nZ27); group III, patients with persistent IGT or DM before and after surgery (persistent IGT/DM; nZ26; Fig. 1 ). Three patients with DM before and after surgery were treated with oral hypoglycemic agents (sulfonylurea, nateglinide, or metformin).
Data analysis
All patients underwent a 75-g OGTT after an overnight fast. Blood was collected at baseline and 
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DM (6) DM (17) Before surgery After surgery Figure 1 Categorization of patients into three groups according to preoperative and postoperative glucose tolerance status. DM, diabetes mellitus; IGT, impaired glucose tolerance; NGT, normal glucose tolerance.
then at 30, 60, 90, and 120 min after glucose ingestion, which was assayed for insulin, glucose, and GH. We used homeostatic model assessment (HOMA) computer software to estimate pancreatic b-cell function (HOMA-%b), insulin sensitivity (HOMA-%S), and IR (HOMA-IR) from fasting blood glucose and serum insulin levels (12, 13) . Because there is a reciprocal relationship between HOMA-%S and HOMA-IR, we refer to HOMA-%S as an indicator of IR. Insulinogenic index (IGI) is an OGTT-based estimate of early-phase insulin secretion, calculated as (insulin at 30 minKinsulin at 0 min (mU/ml))/(glucose at 30 minKglucose at 0 min (mg/dl)) (14) . IGF1 values were transformed into age-adjusted and sex-adjusted Z-scores.
Laboratory tests
Insulin was determined by a chemiluminescent enzyme immunoassay (LUMIPULSE Presto insulin, Fujirebio, Inc., Tokyo, Japan). Blood glucose was determined by the hexokinase method (Liquitech Glucose HK Test, Roche Diagnostics K K). GH was measured with a fluorescent enzyme immunoassay (ST AIA-PACK HGH, Tosoh Co., Tokyo, Japan). IGF1 was measured with an IRMA (IGF1 IRMA Daiichi, TFB Co., Tokyo, Japan).
Statistical analysis
Results are expressed as meanGS.D. Differences among patient groups were evaluated by Fisher's protected least significant difference test. Clinical parameters were evaluated by Pearson's correlation coefficient analysis. Receiver operating characteristic (ROC) analysis was used to evaluate the ability of parameters to predict postoperative glucose tolerance status. The various parameters were compared by calculating the area under the curve (AUC), according to the method of Hanley & McNeil (15, 16) . All analyses were carried out with STATVIEW 5.0 software (Abacus Concepts, Inc., Berkeley, CA, USA). The two-tailed P value !0.05 was considered significant.
Results
Clinical parameters and their association with glucose tolerance before surgery Table 1 shows the baseline characteristics of patients stratified by preoperative glucose tolerance status: NGT (nZ39), IGT (nZ36), or DM (nZ17). Age, BMI, serum levels of fasting GH and IGF1, and IGF1 Z-scores did not differ significantly among groups. Similarly, the parameters of IR (HOMA-%S and HOMA-IR) did not differ significantly among groups. However, pancreatic b-cell function and capacity to secrete insulin (HOMA-%b and IGI) were both significantly lower in patients with DM than those with NGT or IGT ( Table 1) . IGI was lower in the IGT group than in the NGT group, and HbA1c was higher in the DM group than in the NGT and IGT groups, but did not differ between the NGT and IGT groups. We then analyzed the relationships among clinical parameters ( Table 2 ). Parameters of b-cell function (HOMA-%b and IGI) correlated with each other, and both HOMA-%b and IGI positively correlated with IR (HOMA-IR) and negatively correlated with HOMA-%S. The positive correlation between b-cell function and IR suggested that IR is the determinant of b-cell function in acromegaly. Serum levels of GH correlated positively with the IGF1 Z-score and negatively with age; conversely, HOMA-%S correlated negatively with the IGF1 Z-score and positively with age; HOMA-IR did not correlate with either parameter. BMI correlated positively with HOMA-%b, HOMA-IR, and IGF1 Z-score, but was not significantly associated with IGI, HOMA-%S, or GH ( Table 2) .
Association of preoperative clinical parameters with glucose tolerance after surgery
Normal glucose metabolism was restored in some patients but not others after successful surgery for acromegaly; therefore, patients were divided into three groups according to their glucose tolerance before and after surgery: group I (NGT before surgery), group II (restored NGT after surgery), and group III (persistent IGT/DM; Table 3 ). We assessed clinical parameters in all patients before surgery. Age, BMI, fasting serum GH, IGF1, and Z-score of IGF1 did not differ significantly among patient groups. However, b-cell function, HOMA-%b, and IGI were significantly lower in group III than in groups I and II (Table 3) . Regarding IR, HOMA-IR was significantly higher in group II than in groups I and III, whereas HOMA-%S did not differ significantly among groups (Table 3) , and HOMA-IR was similar in groups I and III.
Analysis of clinical parameters after surgery
To determine how clinical parameters associated with glucose metabolism changed after surgical treatment of acromegaly, we compared the postoperative parameters of IR and b-cell function among patient groups ( Fig. 2A-C) . Compared with preoperative values, HOMA-%S was increased and HOMA-IR was decreased in all groups (P!0.05), indicating improved IR in all patient groups after surgery. Among parameters of b-cell function, HOMA-%b was decreased significantly in groups I and II, but IGI was reduced significantly only in group II (P!0.05; Fig. 2A and B) . Thus, improved IR appeared to be associated with decreased parameters of b-cell function, at least among patients in groups I and II, supporting the idea that IR is the determinant of b-cell function in acromegaly. Postoperative values of HOMA-%S and HOMA-IR were similar across patient groups ( Fig. 2A-C) ; however, the parameters of b-cell function (HOMA-%b and IGI) were significantly lower after surgery in group III than in group I ( Fig. 2A and C) .
Association of preoperative clinical parameters with improved glucose tolerance after surgery
Some preoperative parameters (HOMA-%b, IGI, and HOMA-IR) were significantly lower in group III than in group II (Table 3 ). Logistic regression analysis including age, BMI, GH, IGF1, and parameters of IR and b-cell function was carried out to identify parameters associated with improved glucose metabolism; IGI was identified (P!0.05), but HOMA-%b and HOMA-IR were not. If one had 1 Unit higher IGI than another, odds ratio for the improvement of glucose metabolism was 9.9. Next, ROC analysis was carried out to determine the appropriate cut-off value of the preoperative parameters for predicting restoration of normal glucose metabolism after surgery; the AUC for IGI was 0.80 (95% confidence interval (CI), 0.67-0.92) and AUC for HOMA-%b was 0.75 (95% CI, 0.61-0.88; Fig. 3A ). Although they did not differ significantly, IGI with a cut-off value of 0.50 appeared to be a better predictor with a sensitivity and specificity of 75.3% (Fig. 3B ) compared with HOMA-%b with a cut-off value of 78 and a sensitivity and specificity of 71.6% (Fig. 3C) . Therefore, we determined that IGI O0.50 was the best clinical parameter to predict recovery of normal glucose metabolism after successful surgery for acromegaly in patients presenting with IGT or DM before surgery. Glucose tolerance was normalized after cure with surgery in 95% of patients with IGI O0.80, whereas 95% of patients with IGI !0.21 failed to recover normal glucose metabolism. When patients who received oral hypoglycemic agents were excluded from the analysis, 0.54 was the optimal cut-off value of IGI to predict restoration of normal glucose metabolism after surgery (sensitivity and specificity of 74.0%), and 81 was the optimal cut-off value of HOMA-%b (sensitivity and specificity of 69.5%).
Discussion
It is well established that acromegaly, caused by excess GH in adult patients, induces IR; thus, insufficient b-cell function could lead to the development of impaired glucose metabolism in acromegalic patients as in obese individuals, who typically exhibit IR. In the present study of 92 patients with acromegaly, patients with DM exhibited defects in b-cell function, as assessed by HOMA-%b and IGI, compared with patients with NGT or IGT. However, IR in DM patients, as assessed by HOMA-IR and HOMA-%S, was similar to that in patients with NGT or IGT. Because a reciprocal relationship exists between HOMA-%S and HOMA-IR, we used HOMA-%S as an indicator of IR in this study. Parameters of IR and b-cell function did not differ between IGT and NGT patients, except that IGT was associated with lower IGI compared with NGT. IGI indicates rapid response of b-cells to glucose load, whereas HOMA-%b represents basal b-cell function. Thus, exacerbation of IR in acromegaly would predispose to DM when basal b-cell function is impaired, and predispose to IGT when basal b-cell function is preserved but rapid response of b-cells is disturbed. This finding is consistent with a previous study that demonstrated impaired b-cell function only in acromegalic patients with abnormal glucose tolerance but not in those with NGT (7). Unexpectedly, serum levels of GH and IGF1 did not correlate with parameters of IR, other than a weak correlation between IGF1 and HOMA-%S. Since both HOMA-IR and HOMA-%S were significantly improved in all groups after pituitary surgery, the GH/IGF1 axis was surely involved in the exacerbation of IR, but their correlation may not be linear.
We next explored effects of the surgical cure of acromegaly on glucose metabolism in the same patients. We found that NGT was restored in 27/53 (51%) of patients with IGT or DM immediately after cure of acromegaly. Parameters of IR were improved after surgery in all groups, but indicators of b-cell function were decreased in groups I and II but not in group III. Postoperative parameters of IR were similar among the patient groups, but indicators of b-cell function remained lower in group III than in the other patient groups. These observations suggest that improving IR, but not b-cell function, contributes to the restoration of normal glucose metabolism, and that patients with insufficient b-cell function before surgery do not achieve NGT even upon cure of acromegaly.
Lastly, we attempted to identify clinical parameters that could predict whether impaired glucose metabolism in an acromegalic patient was reversible. We found that some preoperative parameters (indicators of b-cell function and IR) differed between groups II and III. Logistic regression analysis demonstrated that only IGI was significantly associated with improved glucose metabolism in patients with IGT or DM before surgery. ROC analysis indicated that IGI of 0.50 before surgery was the best cut-off value to predict the patients in whom glucose metabolism will be restored to normal from IGT or DM. However, this cut-off value of IGI may depend on BMI and ethnicity. Patients examined in the present study tended to be lean than obese, and none had a BMI higher than 30. In addition, b-cell function in Asian populations, including Japanese people, is known to be lower than that observed among Caucasians. Thus, 0.50 as the cut-off value of IGI to predict normalization of glucose metabolism after surgery for acromegaly may be appropriate only for lean patients and/or Japanese patients.
Among the Japanese patients with acromegaly evaluated in the present study, BMI correlated positively with HOMA-%b and HOMA-IR, but was not associated with restoration of normal glucose metabolism after surgery. However, it is important to remember that there were no obese patients in the present study. Inclusion of obese patients may have resulted in BMI influencing whether glucose metabolism was normalized after cure with surgery, and the cut-off value of IGI would have to be adjusted with BMI.
Although IR is common in acromegaly, few studies report the effect of GH and IGF1 on IR, and their results were are not consistent (7-10). Kasayama et al. A few studies have addressed the issue of b-cell function in acromegaly. Among them, Kasayama et al. (7) failed to demonstrate a correlation between b-cell function and GH or IGF1 levels, whereas Fukuoka et al. (8) detected a weak correlation between IGI and IGF1 levels. Long-standing IR appears to cause b-cell 'exhaustion', which leads to impaired b-cell function and the development of type 2 DM in non-acromegalic subjects (17, 18) . Although our results suggest that the GH/IGF1 axis is not directly involved in the impairment of b-cell function, we should consider this possibility, because acromegaly is typically not diagnosed for more than 10 years. Unfortunately, however, we could not precisely evaluate the duration of acromegaly in the present study to explore this issue.
In conclusion, we found that IR in non-obese Japanese patients with acromegaly was involved in the impairment of glucose metabolism. Both of IR and disturbed glucose metabolism were restored immediately after cure of acromegaly, if b-cell function was not deteriorated. Once b-cell function was impaired, abnormal glucose metabolism failed to normalize even after cure of acromegaly. For non-obese Japanese patients with acromegaly, a preoperative value of IGI O0.50 appears to be the best predictor of restoration of normal glucose metabolism upon surgical cure of the disease and the best indicator for preservation of b-cell function.
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